INTRODUCTION
Peritrichs are a very large assemblage of distinctive ciliates that were first reported by van Leeuwenhoek over 300 years ago (Kahl, 1935) . Traditionally, determining phylogenetic relationships among peritrichs has relied on comparing differences in their morphological characteristics; in particular the mode of development of the feeding stage (solitary or colonial), the structure of the stalk or lorica, the appearance of the oral area and the pattern of the silverline system (Corliss, 1979) , which has been used widely as a diagnostic characteristic to distinguish between families and/or genera. Historically, peritrichs were assigned to the subclass Peritrichia Stein, 1859, within the class Oligohymenophora (Lynn, 2008) . The subclass Peritrichia was thought to be a monophyletic assemblage composed of the orders Sessilida and Mobilida based on the characteristics of the oral apparatus (Lom, 1964; Lynn, 2008) . Recent analyses using SSU rRNA sequences (Gong et al., 2006) , however, revealed that mobilids do not group with sessilids and that their distinctive similarity in oral morphology is a convergently evolved characteristic. Removal of mobilids from the subclass Peritrichia (Zhan et al., 2009 ) left the former sessilids as the only true monophyletic group of taxa within the subclass.
The family Vorticellidae is one of the most morphologically and ecologically diverse groups within the subclass Peritrichia, containing 18 genera and at least 200 species of ciliates isolated from marine, limnetic and terrestrial habitats throughout the world (Corliss, 1979; Lynn, 2008; Warren, 1986) . Members of the family are differentiated from other peritrichs by having a helically contractile spasmoneme within the stalk (Fig. 1a, d , e; indicated by arrows) and, historically, have been considered to be a welldefined group based on this characteristic. Within the family Vorticellidae, mode of development (solitary vs colonial) was the characteristic first used to differentiate members of one genus from another. The genus Vorticella contains~82 species, all of which have a solitary mode of development (Warren, 1986) . By contrast, the genus Carchesium (Fig. 1c,  d ) was established by Ehrenberg (1831) to group species that have a helically contractile stalk, like that of species of the genus Vorticella, but form branched colonies in which the spasmonemes are discontinuous between zooids. Members of the genus Apocarchesium (Fig. 1a, b) are colonial, like members of the genus Carchesium, but form colonies that consist of only a cluster of unbranched zooids at the tip of the primary stalk (Ji & Kusuoka, 2009 ).
During the last few decades, the pattern of the silverline system (the pellicular ridges that mark the surface of the cell, which can be revealed by silver staining) has been used to define some genera of vorticellids. The genus Pseudovorticella was established by Foissner & Schiffmann (1974) to group solitary vorticellids that were similar to species of the genus Vorticella but had a reticulate pattern of silverlines as opposed to the transverse pattern seen in species of the genus Vorticella. Also, the genus Epicarchesium (Fig. 1e, f) was established by Jankowski (1975) to include colonial forms of vorticellid that were similar to members of the genus Carchesium but, like members of the genus Pseudovorticella, had a reticulate silverline system. Descriptions of these genera were emended (Leitner & Foissner, 1997) to include features of the oral infraciliature (e.g. the detailed arrangement of the three infundibular polykineties depicted in Fig. 1g-i) as an essential diagnostic character.
Recently, molecular information from one gene, coding for small-subunit (SSU) rRNA, has been used to re-evaluate phylogenetic relationships among vorticellids, which has significantly advanced our understanding of the diversity within the group (Miao et al., 2001 (Miao et al., , 2004 Williams & Clamp, 2007; Utz & Eizirik, 2007; Li et al., 2008) . In some cases, however, these molecular analyses have yielded radically different results from morphologically-based taxonomic studies of vorticellids. For example, in molecular studies, the genus Carchesium always grouped with the Vorticellidae-Astylozoidae-Opisthonectidae clade of families at a very deep level but was also closely associated with Zoothamnium arbuscula of the family Zoothamniidae in previous studies (Clamp & Williams, 2006; Utz & Eizirik, 2007; Williams & Clamp, 2007; Li et al., 2008) . Similarly, Vorticella microstoma was deeply divergent from its congeners in molecular studies and clustered with species of the genera Opisthonecta and Astylozoon, both of which are the type genus of separate families in morphology-based classifications; also, the SH test (Shimodaira & Hasegawa, 1999) strongly rejected the inclusion of V. microstoma as a member of the genus Vorticella (Utz & Eizirik, 2007) .
Some vorticellid taxa with ambiguous systematic positions based on morphology have never been investigated by molecular methods. For example, members of the genus Apocarchesium would be identified as belonging to the genus Carchesium except for their anomalous mode of development. Species in the former genus differ from those in the latter by forming colonies with no secondary branches, existing as a tight cluster of zooids on the tip of the primary stalk. Also, they possess macrozooids, a characteristic of some species of the genus Zoothamnium that calls the phylogenetic position and taxonomic validity of the genus Apocarchesium into question. At present, a high degree of morphological diversity makes it difficult to determine which characteristics are a result of convergent evolution. A relatively small number of taxa are included in phylogenetic analyses and only one molecular marker, the SSU rRNA gene, has, so far, been used in molecular analyses (Clamp & Williams, 2006; Williams & Clamp, 2007; Li et al., 2008) . Because of these limitations, the phylogeny of the family Vorticellidae remains largely unresolved.
In the present study, we obtained 15 new SSU rRNA gene sequences from seven species of the family Vorticellidae to clarify and expand our understanding of the phylogenetic relationships within this family. In addition to this, sequence analyses of the SSU rRNA gene and ITS1-5.8S-ITS2 and ITS2 regions of 21 strains of the families Vorticellidae and Zoothamniidae, in which the genes were either concatenated or treated individually, were performed to assess phylogenetic relationships between the morphologically similar genera Carchesium, Epicarchesium and Apocarchesium. The ITS2 and ITS1-5.8S-ITS2 regions were chosen because there is increasing evidence that analysis based on these markers and their secondary structures can provide a higher level of resolution when determining phylogenies focusing on relationships within and between families or genera of ciliates (Coleman, 2005; Miao et al., 2008) .
METHODS
Collection and fixation of samples. All species in this study were collected from freshwater habitats in the USA, China and Japan (Table 1) . Isolation, culturing and fixation of ciliates were performed according to the methods of Clamp & Williams (2006) . Extraction and sequencing of DNA. Genomic DNA was extracted following the methods of Clamp & Williams (2006) . The SSU rRNA gene was amplified by PCR using the eukaryotic universal primers A forward (59-CTGGTTGATCCTGCCAG-39) and B reverse (59-TGATCCTTCTGCAGGTTCACCTAC-39) (Medlin et al., 1988) . PCR cycling conditions for amplification of the SSU rRNA gene were as follows: 1 cycle of 94 uC for 1 min followed by 30 cycles of 94 uC for 15 s, 63 uC for 1.5 min and 72 uC for 2.5 min and 1 cycle of 72 uC for 5 min. The ITS1-5.8S-ITS2 region was amplified using the ITS-forward (59-GTTCCCCTTGAACGAGGAATTC-39) and ITSreverse (59-TACTGATATGCTTAAGTTCAGCGG-39) primers, which are complementary to conserved regions and encompass the 39 end of the SSU rRNA gene, the whole of the ITS1-5.8S-ITS2 region and the 59 end of the large subunit rRNA gene (Diggles & Adlard, 1997; Goggin & Murphy, 2000) . Cycling parameters were as follows: 1 cycle of 94 uC for 1 min, 30 cycles of 94 uC for 15 s, 63 uC for 30 s and 72 uC for 1 min and 1 cycle of 72 uC for 5 min. The PCR products were cleaned by filtration using a QIAquick PCR Purification kit (Qiagen) and sequenced in both directions by the Duke University IGSP DNA Sequencing Facility (Durham, NC, USA) using an ABI 3730-XL DNA Analyzer (Applied Biosystems). Sequence fragments were assembled into contiguous sequences and edited using Sequencher 4.0 software (Gene Codes).
Phylogenetic analyses. Accession numbers for the SSU rRNA gene sequences determined in the present study are shown in Table 2 . SSU rRNA gene sequences of other peritrichs included in the phylogenetic analyses were obtained from GenBank. These include the SSU rRNA gene sequences of (with corresponding accession numbers): Vorticella
Vaginicola crystallina (AF401521), Opercularia microdiscum (AF401525) and Campanella umbellaria (AF429885). Five members of the subclass Hymenostomatia, the closest phylogenetic relative of the subclass Peritrichia, were used as outgroup species. These were Tetrahymena corlissi (U17356), Tetrahymena bergeri (AF364039), Colpidium campylum (X56532), Ophryoglena catenula (U17355) and Ichthyophthirius multifiliis (U17354). All available SSU rRNA gene sequences of species of the newly recognized subclass Mobilia were also included in phylogenetic analyses. These species were as follows: Trichodina ruditapicis (FJ499385), Trichodina sinonovaculae (FJ499386), Trichodina meretricis (FJ499387), Trichodina heterodentata (AY788099), Trichodina nobilis (AY102172), Trichodina sinipercae (EF599288), Trichodina reticulata (AY741784), Trichodina hypsilepis (EF524724) and Urceolaria urechi (FJ499388).
Sequences were aligned using the CLUSTAL W program (Thompson et al., 1997) in BioEdit version 7.0.9 software and adjusted by eye (Hall, 1999; Tamura et al., 2007) . Bayesian (BI) analysis based on SSU rRNA gene sequences was performed with MrBayes 3.1.2 software (Ronquist & Huelsenbeck, 2003 ) using the GTR+I+G model of sequence evolution selected by the MrModeltest 2 program (Nylander, 2004) under the AIC criterion. Four simultaneous Markov chain Monte Carlo (MCMC) chains were run for 1 000 000 generations, sampling every 100 generations. The first 2500 trees were discarded as burn-in. The 50 % majority-rule consensus tree was determined to calculate the posterior probabilities for each node. The appropriate GTR+I+G model for maximum-likelihood (ML) analysis was selected by the MrModeltest 2 program. ML trees inferred from SSU rRNA gene sequences were reconstructed with the PhyML 3.0 program (http://www.phylogeny.fr/phylo_cgi/phyml.cgi) (Guindon et al., 2005) , which performed ML analysis with heuristic searches and a 100-fold bootstrap analysis. The maximum-parsimony (MP) and neighbour-joining (NJ) analyses were performed with PAUP* 4.0b10 software (Swofford, 2002) and support for the internal branches was estimated using the bootstrap method with 1000 replicates (Felsenstein, 1985) .
Secondary structures of the ITS2 region of 21 strains were established with the MFOLD 3.2 program (http://mfold.rna.albany.edu/?q=mfold/ RNA-Folding-Form) (Zuker, 2003) using the default values to guide reliable sequence alignment for phylogenetic analyses. Sequences of ITS2 regions expressed in secondary-structure format were aligned using the 4SALE program (Seibel et al., 2006) based on both the primary and secondary structures. Aligned structural and sequence matrices were analysed using the same methods as described above. Bayesian analyses were performed with the following evolutionary models: GTR+I+G model for SSU rRNA gene sequences, GTR+G model for ITS1-5.8S-ITS2 region sequences and HKY+G model for ITS2 region sequences. For the two combined datasets (SSU rRNA+ITS1-5.8S-ITS2 and SSU rRNA+ITS2), individual coding regions were treated as unlinked so that separated parameter estimates, as specified above, were obtained for each region for all runs. ML, MP and NJ analyses were performed with the same methods as described above.
RESULTS

Sequence comparisons
Fifteen novel SSU rRNA gene sequences were obtained from seven species belonging to three morphologically diverse genera within the family Vorticellidae ( Table 2) . As shown in Table 3 , the novel SSU rRNA gene sequences of six isolates of C. polypinum from three geographically distant localities (USA, China and Japan) shared similarities of 99.4-99.9 %. Two other SSU rRNA gene sequences of C. polypinum were obtained from GenBank with the following accession numbers: AB074079 (926 bp) and AF401522 (1729 bp). There were significant differences between the sequences of these two strains and those of the other six isolates ( Supplementary Fig. S1 ) with sequence similarities of 79.1-79.4 % and 94.2-94.3 % to C. polypinum AB074079 and C. polypinum AF401522, respectively. Sequence lengths and G+C contents of the novel SSU rRNA gene sequences are shown in Table 2 .
All ITS1-5.8S-ITS2 region sequences of peritrichs that were available from GenBank were included in our phylogenetic analyses (Table 2 ). Entire ITS1-5.8S-ITS2 region sequences showed relatively low variation in length among the 15 taxa studied, from 415 bp in Vorticella sp2 to 437 bp in Zoothamnium alternans (Table 2 ). In contrast, the G+C contents of entire ITS1-5.8S-ITS2 region sequences varied greatly, from 30.9 % in Z. alternans to 42.0 % in Pseudovorticella punctata (Table 2) .
Phylogenetic analyses based on SSU rRNA gene sequences
When included in phylogenetic analyses, the branches representing the two sequences of C. polypinum obtained from GenBank (AB074079 and AF401522) were extremely long and in positions distant from other sequences of C. polypinum outside the vorticellid clade altogether (Supplementary Fig. S2 , arrow and double arrowheads). The two C. polypinum sequences from GenBank were not included in the final phylogenetic analyses due to their significant distances from, and sequence dissimilarities (Supplementary Fig. S1 ; Table 3 ) to, the novel sequences obtained in this study from other populations of C. polypinum. Although the overall topology did not differ in the resulting trees (Fig. 2) , Bayesian support and bootstrap support did differ. In general, support values of the second subset were higher (Fig. 2) .
The phylogenetic trees constructed with BI, ML, MP and NJ methods all had a similar topology (Fig. 2 ) and the monophyly of the subclass Peritrichia was strongly supported. The family Vorticellidae included two stable clades, however, which were well supported in all analyses by a posterior probability of 1.00 (BI) and bootstrap values of 0.81 (ML), 0.80 (NJ) and 0.98 (MP) (Fig. 2) . One clade contained all members of the genera Vorticella (except V. microstoma) and Carchesium used in this study, which grouped as a well-supported, relatively stable assemblage in all trees. Another clade consisted of members of the genera Pseudovorticella and Epicarchesium and was supported by a maximum posterior probability of 1.00 (BI) but had variable bootstrap values of 0.89 (ML), 0.93 (NJ) and 0.51 (MP). The newly established genus Apocarchesium (Ji & Kusuoka, 2009 ) was invariably a sister taxon to the clade containing members of the genera Pseudovorticella and Epicarchesium at a very deep level within the family Vorticellidae, which was well supported (1.00, BI; 0.98, ML; 0.99, NJ and 0.98, MP) in all trees. (Kimura, 1980) and are expressed as percentages. Phylogenetic relationships between members of the genera Carchesium, Epicarchesium and Apocarchesium inferred from single and combined datasets
Pop
Analysis of matrices of combined primary sequences and secondary structures of either the ITS1-5.8S-ITS2 region or ITS2 region alone (Fig. 3a, b ) yielded a topology that was similar to analyses based on SSU rRNA gene sequences and had bootstrap values higher than those obtained with ITS1-5.8S-ITS2 or ITS2 primary sequences alone (data not shown). The following descriptions refer to the topology of trees resulting from combined primary sequences and secondary structures of ITS1-5.8S-ITS2 and ITS2 regions (Fig. 3a, b) . In the ITS2 tree (Fig. 3a) , Vorticella sp1 and 5 were more closely associated with C. polypinum and Epicarchesium abrae than other members of the genus Vorticella but in the ITS1-5.8S-ITS2 tree (Fig. 3b ) Vorticella sp1 and 5 were in a clade with all members of the genera Vorticella and Pseudovorticella, only with very poor support. Compared with those constructed from single datasets (either the ITS1-5.8S-ITS2 region or the ITS2 region alone; Fig. 3a, b) , phylogenies of the 21 strains from families Vorticellidae and Zoothamniidae inferred from combined datasets (either SSU rRNA+ITS2 or SSU rRNA+ITS1-5.8S-ITS2) had a similar topology with relatively higher levels of bootstrap support for the branches (Fig. 3c, d ), even though branch lengths differed somewhat between analyses (data not shown). In all trees, all species of the family Vorticellidae formed a monophyletic clade that was clearly separated from the family Zoothamniidae (Fig. 3) . The genus Apocarchesium was distant from the clade containing the genus Carchesium and was strongly supported as a sister taxon to the Pseudovorticella-Epicarchesium clade (Fig. 3c, d ).
DISCUSSION Phylogenetic relationships within the family Vorticellidae
Previous studies showed that Vorticella microstoma always clustered with the clade containing species of the genera Opisthonecta and Astylozoon, rather than with its morphological relatives (Miao et al., 2001 (Miao et al., , 2004 Williams & Clamp, 2007; Utz & Eizirik, 2007; Li et al., 2008) . In the trees based on SSU rRNA gene sequences, V. microstoma grouped with the clade containing the species Opisthonecta minima, Opisthonecta henneguyi and Astylozoon enriquesi and was distant from other species of the genus Vorticella, supported by variable bootstrap values. The SSU rRNA gene sequence of V. microstoma differed from that of O. minima and O. henneguyi by only seven and 12 sites, respectively, and the evolutionary similarity between V. microstoma and two species of the genus Opisthonecta was so high (Supplementary Fig. S2 ) that it can be concluded that there is a close evolutionary relationship between these taxa. The presence of a number of specific similarities between semi-conserved regions of the SSU rRNA gene sequence alignments (Williams & Clamp, 2007) further supported this hypothesis; however, this analysis is based on a relatively small number of sequences. Work is in progress to analyse a larger set of samples of V. microstoma, other morphologically similar species of the genus Vorticella and other opisthonectid and astylozoid peritrichs to clarify placement of this clade within the subclass Peritrichia.
The relationship between the four genera Vorticella, Carchesium, Pseudovorticella and Epicarchesium has been questioned by previous molecular studies (Clamp & Williams, 2006; Utz & Eizirik, 2007; Li et al., 2008) . Miao et al. (2004) first found a close association between the species C. polypinum and Z. arbuscula in phylogenetic trees based on SSU rRNA gene sequences. Later, Li et al. (2008) included species of the genera Epicarchesium and Pseudovorticella in phylogenetic analyses and found that these two genera were grouped as a monophyletic clade, which appeared to confirm that, in this case, the silverline system was a reliable morphological characteristic for identifying taxonomic groups at the generic level. However, C. polypinum was still associated with Z. arbuscula rather than species of the genus Vorticella in these analyses, as was the case in all previous studies (Clamp & Williams, 2006; Utz & Eizirik, 2007; Li et al., 2008) . In our analyses, we included novel SSU rRNA gene sequences of six populations of C. polypinum and five species of the genus Vorticella. In all of the resultant trees, the novel sequences of C. polypinum always clustered with the species of the genus Vorticella, except for V. microstoma, forming a well-supported sister group to the clade containing members of the genera Pseudovorticella and Epicarchesium. This supports the separation of vorticellids with a reticulate silverline system from other vorticellids (Figs 2 and 4 ) and suggests that a reticulate silverline system is a synapomorphic characteristic within the family Vorticellidae. Also, our results suggest that the colonial mode of development may be a plesiomorphic characteristic relative to the solitary mode of development (Figs 2 and 4) .
Apocarchesium is the first genus of colonial peritrichs to have been defined based on differences in the mode of development of the colony. At first glance, Apocarchesium rosettum ( Fig. 3a) appears to be merely a species of the genus Carchesium in which development of the colony has been arrested before the formation of secondary branches. Indeed, Colonies of C. polypinum pass through a similar stage early in their development. Therefore, does A. rosettum represent a developmental variant of the genus Carchesium or does it represent a separate, evolutionarily divergent genus? The present study provides the first opportunity to test these hypotheses with molecular data.
In all of the trees, A. rosettum was basal to the two major clades of vorticellids and was distant from C. polypinum. Moreover, this relationship was strongly supported by bootstrap analyses. These results strongly support the validity of the genus Apocarchesium. The basal phylogenetic position of A. rosettum relative to all 'traditional' vorticellids (i.e. species that meet the classical morphological criterion of having a helically contractile stalk), however, may indicate that the lack of branching seen in Apocarchesium is a truly plesiomorphic characteristic. Alternatively it may be a feature that evolved following its divergence from the common ancestor of 'traditional' vorticellids. The former conclusion would seem to be the favoured one since no members of other major genera of colonial peritrichs (Zoothamnium and Epistylis) that occupy a more basal position than vorticellids within the subclass Peritrichia have the lack of branching seen in the genus Apocarchesium (Fig. 4) .
Besides the unique morphology of the colony in A. rosettum, it is characterized by having macrozooids (Fig. 3b, arrows) , a developmental characteristic not yet reported in other colonial vorticellids but typical of some members of the genus Zoothamnium. Therefore, we also included three species of zoothamniid, one of which also harbours macrozooids in its colonies, in our analyses. None of the trees displayed any close relationship between A. rosettum and the zoothamniids, indicating that the possession of macrozooids is probably a convergent characteristic of the two taxa and, thus, represents a probable synapomorphy wherever it occurs in the phylogeny (Fig. 4) .
Phylogenetic relationships of the morphologically similar genera Carchesium, Epicarchesium and Apocarchesium determined using different datasets
The topology of the trees constructed from combined datasets (SSU rRNA+ITS1-5.8S-ITS2 and SSU rRNA+ITS2) was similar to that inferred from SSU rRNA sequences alone (Fig.  3c, d ). This might be attributed to the much greater length of the SSU rRNA sequences used, which consequently contained larger amounts of information compared with those of the ITS2 and ITS1-5.8S-ITS2 regions. However, it was also apparent that a tree based on sequences of the ITS1-5.8S-ITS2 region had a topology similar to that seen in trees reconstructed using sequences of the ITS2 region alone, only with relatively higher supporting values (Fig. 3a, b) . Thus, the clearest separation of the three genera was obtained by analysing a combined dataset composed of SSU rRNA gene and ITS1-5.8S-ITS2 region sequences (Fig. 3d) . These results indicate that phylogenies based on combined datasets, which contain a larger number and greater variety of informative sites, are more effective than phylogenies based on single datasets in explaining the evolutionary history of peritrichs, especially if a progressively broader and more representative array of taxa is included.
